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FOREWORD

Thic report is one in a continuing series of studies to evaiuate
potential impacts of three alternative strategies being considered for the
disposal of the Idaho Chemical Processing Plant (ICPP) high-:ievel radio-
active waste (HLW). One of the alternative strategies under evaluation is
near-surface in-place disposal of the calcined waste presently stored in
the Calcine Solids Storage Facilities (CSSF). This sti~y along with
others will serve as technical bases to recommend a reference strategy and
process for the final disposal of ICPP HLW for future consideration by
DOE.

The hypothetical transport of three non-radioactive constituents

' (Cr*s, Cd*z, and NO3”) from the calcine, due to rainwater recharge, was
modeled. The approach was to assimilate the available hydrogeological
data for the ICPP area and employ a state-of-the-art code to model poten-
tial solute transport from the calcine into the aquifer. The results of
this study are intended to provide guidance for future modeling studies
and identify areas where more laboratory and fieid data zre needed.
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ABSTRACT

One of the alternative strategies under evaluation for long-term
management of the Idaho chemical Processing Plant (ICPP) high-Tevel
radioactive waste (HLW) is on-site near-surface disposal of HLW calcine.
pbout 18 Calcine Solids Storage Facilities (CSSF) would contain a maximum
of 2.65 x 104 m3 of HLW calcine by the year 2034, if no other

management strategy were selected.

The purpose of this study is to begin the documentation processlwhich
will be required for evaluation of the on-site near-surface option. The
approach was 1o assimilate the available hydrogeo]ogica1 data for the ICPP
area and employ 2 state-of-the-art code to model potential solute
transport from the calcine into the aquifer. The results of this study
are intended to provide guidance for future modeling studies and identify
areas where more laboratory and field data are needed.

For the study, a three-dimensional code calied TRACR3D, which is
applicable to solute transport in both unsaturated and saturated media was
uysed. The hypothetical transport of three non-radioactive constituents
(Cr+6, Cd*z, and NO37) from the calcine in one CSSF, due to rainwater

+o and downgradient in the aquifer was modeled up to 10,000

recharge,
crt® is the only one of the

years. Based on the assumed parameters,
three solutes modeled which potentially could approach National Drinking

Water Standards in the aquifer. The peak crt® levels predicted are 2

factor of 130 and 31 below the standards 5.0 km downgradient in the
aquifer for the current and ten times the current rainwater recharge rates

{1.25 and 12.5 cm/yr), respectively.

One of the parameters assumed for modeling was an jnstantaneous
retease at time zero of the Cr+6 inventory into the vadose zone water.
In actuality, water infiltration into the calcine would begin slowly and
increase to that of the surrounding alluvium over several hundred years

e integrity of the CSSF were breached by pinhole leaks. Therefore,

once th
c relecse rate scenarios should be

a sensitivity study using more realisti
conducted for cr*e.

iv



SUMMARY

Calcined high-level radioactive waste (HLW) from reprocessing of
government-owned spent nuclear fuel is generated and stored at the Idaho
Chemical Processing Plant (ICPP). Recommendation of a reference stirategy
for the long-term management of ICPP HLVW will not be made until the
1090s. One of the alternative strategies under evaluation is on-site
near-surface disposal of HLW calcine. About 18 Calcine Solids Storage
Facilities (CSSF) would contain a maximum of 2.65 x 10% m> of HLW
calcine by the year 2034, if no other management strategy were selected.

The purpose of this study is to begin the documentation process which
will be require¢ for evaluation of the on-site near-surface option. The
approach was tc assimilate the available hydrogeological data for the ICPP
area and employ a state-of-the-art code to model potential sclute
transport from the calcine into the aquifer. The results of this study
are intended to provide guidance for future modeling siudies and identify
areas where more laboratory and field data are needed.

For the study, a three-dimensional code called TRACR3D, wnich is
applicable to solute transport in both unsatursted and szturated media was
used. The hypothetiéai transport of three non-radioactive constituents
{C“+6, Cd*z, and NG5 ™) from the calcine in one CSSF, due to rainwater
recharge, to and dowrgradient in the aquifer were modeled for up to 10,000
years. The predicted concentrations were compared to the standards given
in the National Primary Drinking Water Regulations.

The gecmetrical configuration used for modeling i¢ illustrated in
Figure S-1. The small dot in the cylinder represents a singie CSSF, the
smajl cylinder represents the vadose zone, and the ~arge rectangular wafer
represents the aguifer zone that were modeled. The two biack pentagons on
the zerc coordinate of the transverse direction represent the 0.5 and 5.0
km downgradient aquifer positions where solute concentration vs time was
modelez in the greatest detail.




Computational mesh cells
in aquiter (200 x 200 m)

Sandwich section of
aquifer modeled
(6000 x 6000 x 91 m)

section of vadose
zone modeled
{240 m diam

Position of
time history
piot

(also at 0.5 km)

Normalized
solute concentration
contour lines

Aguiter mixing zone
81 m thick

Figure S-1. Geometrical Configuration for Modeling Solute Transport
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The rainwater recharge scenarios of 1.25 and 12.5 cm/yr were
modeled. The smai’er is based on the currently assumed recharge rate at
ICPP and the larger a bounding parameter selected to examine the
sersitivity of sclute transport to a ten-fold increase in the current
rate. Tne 5.0 km positicr wes chosen for modeling because it is the
maximum distance allowea in 40 CFR 191 from waste emplacement to the
boungary of a high-level waste repository. At the boundary, the public
wotld have access to well water. The 0.5 km position was modeled to
examine the dilution capacity of the aquifer due to vertical and
transverse mixing over a 10-fold downgradient distance from near the point
of solute entry into the aquifer. '

Table S.1 compares the National Primary Drinking Water Standards to
the peak concentrations of the solutes in the source-term alluvial
cylinder (which contains the contents of one CSSF), the vadose
zone-aquifer interface directly below the cylinder, and the 0.5 and 5.0 km
downgradient aquifer positions. The peak concentrations were predicted to
occur 200-800 years after time zero for cr*® and NO;™ and 7000 years
for ¢d7<.

T.e results indicate that Cd*2 solute concentrations at 5 km
downgraGient in the aquifer would be a factor of about 109_and 100
below the drinking water standards for the smalier and larger rainwater
recharge rates, respectively. Based on the hydrcgeo1ogica1 parameters
used ir this model, any sojute transport due to rainwater recharge from
the IZ°P calcine with a2 Ky of 10C or greater would probably be
insigrificant when compared to drinking water standards.

The peak NO3~ levels predicied are about a factor of 104 and
1¢° below the drinking wzter standards at 5.0 km downgradient in the
aquifer. Based on the hydrogeoiogical parameters assumed, the NC-~
lesels wooid not exceed the drinking water standards even for a cluster of
CSSF containing 13 times the amount of solute inventory modeled (i.e., the
ma»‘mium projected inventory for the year 2034) from which a superposition
cf .me contaminant plumes might conceivably increase the peak leveis by a

factor of ten.
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Table S.1

Comparison of Model Results? to Drinking Water Standards

1.25 cm/yr RAINWATER RECHARGE

Initial vadose source term
Vadose-aquifer interface
Aguifer 0.5 km downgradient
Aguifer 5.0 km downgradient
Drinking Water Limits

Aquifer at 0.5 km downgradient
Aquifer at 5.0 km downgradient

12.5 cm/yr RAINWATER RECHARGE

Initial vadose source term
Vadose-aquifer interface
Aquifer 0.5 km downgradient
Agquifer 5.0 km downgradient
Drinking Water Limits

Aquifer at 0.5 km downgradient
Aquifer at 5.0 km downgradijent

5
2
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s e x .
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. e e

Pegk Solute Concentrations (q/ml)

2 Based on one 2000 m> capacity CSSF

N0~ crté Cdte
7 x 1071 3.7 x 1072 3.0 x 1074
5 x 1072 4.5 x 1073 8.2 x 10-11
2 x 1078 2.2 x 10°°% 2.1 x 10717
0 x 1079 4.0 x 10710 3.9 x 10718
4 x 1079 5.0 x 1078 1.0 x 1078

Factor Below Drinking Water Limits

NOy~ crt6 cd*2
0 x 103 2.3 x 10! 4.8 x 108
1 x 10t 1.3 x 102 2.6 x 109

Peak Solute Concentrations {a/ml)

- +6 +2

NQ- Cr Cd
7 x 1071 3.7 x 107¢ 3.0 x 1074
2 x 1072 7.2 x 1073 1.1 x 1077
4 x 10°8 9.2 x 10°°% 5.8 x 10°14
5 x 1078 1.6 x 1079 1.1 x 10714
4 x 1073 5.0 x 1078 1.0 x 1078

Factor Below Drinking Water Limits

NO~ crt6 cd+e
.2 x 109 5.4 1.7 x 10°
.9 x 103 3.1 x 10! 9.1 x 10°




O0f the three solutes modeled, cr*® is the only one which
potentially could approach drinking water standards in the aquifer based
on the assumed parameters. The peak crté tevels predicted are a factor
130 and 31 below drinking water standards 5.0 km downgradient in the
aquifer for 1.25 and 12.5 cm/yr rainwater recharge rates, respectively.
1f a cluster of CSSF containing 13 times the amount of solute inventory
were modeled (i.e., the maximium projected inventory for the year 2034)
with a configuration that would cause superposition of the contaminant
plumes to increase solute concentrations by a factor of 10 (i.e., 1ine the
CSSF up parallel to the aguifer flow direction), the predicted peak crtd
Jevels would decrease to 13 and 3.1 below the drinking water standards,
respectively.

For a given inventory, the most sensitive parameter for a highly
soluble and non-adsorbing solute would be its release rate. Since an
jnstantaneous release scenario was used for this study, further modeling
of cr*8 should incorporate realistic release rates based on water
infiltration rates to the calcine which start slowly and increase with
time. Based on corrosion data, the time for rainwater infiltration (i.e.,
recharge} to the calcine to equal that in the surrounding alluvium might
take several hundred years once the integrity of the bin wall was breached
by a'pinhble Teak.

Geochemical modeling to check for speciation or solubility
Timitations specific to the INEL groundwater would probably have little
impact on the corclusions of this particular study. However for future
modeling studies involving elements that could form solubility Timited
carbenates, bicarbonates or hydroxides or undergo speciation (e.g., Sr,
Cs, Pu, and Am), use of a geochemical code is recommended.

ix
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I.  INTRODUCTION
1. PURPOSE

Calcined high-level radioactive waste (HLW) from reprocessing of
government-owned spent nuclear fuel is generated and stored at the Idaho
Chemical Processing Plant (1CPP). Recommendation of a reference strategy
for the long-term management of ICPP HLW will not be made until the
1990s. Currently under evaluation are three alternative strategieslz

(1) disposal of all smmobilized HLW in a repository off-site,

(2) disposal of all HLW in a near-surface facility onsite, or

(3) disposal of annually produced HLW after FY 2010 in an
immobilized form in a repository and disposal of existing
calcined HLW in a near-surface facility onsite.

The purpose of this study is to begin the documentation process which
will be required for evaluation of onsite disposal in alternatives (2) and
(3) above. The aprroach was to assimilate the available hydrogeological
data for the ICPP area and employ a state-of-the-art code to model
potential solute transport from the calicine into the aquifer. The results
of this study are intended to provide guidance for future modeling studies
and identify areas where more laboratory and field data are needed.

Fcr the study, a three-dimensional code called TRACR3D, which is
app]itab\e to solute transport in both unsaturated and saturated media was
used. The hypotheticail transport of three non-radioactive constituents
(Cr*s, cd*Z, and NOy~) from the calcine, due to rainwater recharge, to
and downgradient in the aquifer was modeled. The predicted concentrations

were compared to the standards given in the National Primary Drinking
Water Regulations.




2. CALCINE WASTE MANAGEMENT

2.1 ICPP Site Mission

The Idaho National Engineering Laboratory {INEL) is a government-
owned, contractor-operated laboratory where experimental nuclear reactors
are operated and defense nuclear fuel is reprocessed. It is administered
by the Department of Energy (DOE)}. The semiarid 2.3 x 103 km? tract
of land comprising the INEL is located west of Idaho Falls, Idaho, along
the northern edge of the eastern Snake River Plain. No permanent
residents 1ive on the site. The ICPP is located in the south central part
of the INEL as indicated by Figure 1-1.

The purpose of the ICPP is to recover usable uranium in spent nuclear
fuels generated by national defense programs. The recovery process begins
by dissolving the spent fuel in acid. The acidic liquid waste remaining
after uranium removal is characterized by relative’y high levels of heat
and penetrating radiation. After being allowed to cool three to five
years through radioactive decar in underground stainless steel tanks, the
1iquid waste is converted to 2 solid through a process called calcine-
tionz. During the calcination process, as the Tiquid is evaporated, the
dissolved material solidifies to form calcine which is a dry material with
s sand-1ike texture. The calcine, which amountc to 15-20 percent of the
original 1iquid volume, contains nearly all of the inert anc radioactive
material that was present in the liquid waste. It 1is stored in large
stainless steel bins inside of the underground reinforcea concrete vaults
which are calied Calcine Solids Storage Facilities (CSSF).

The calcining process used at the ICPP has proved t¢ be a safe, effec-
tive means of managing the radioactive waste. The stziniess steel bins
and concrete vaults of the CSSF are expected to retain their sntegrity for
at least 500 years; the adequacy of the present management sirategy for
this time period was confirmed in the Final Environmental Impact Statement
on Waste Management Operations at the INEL3.
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2.2 Calcine Properties and Inventories

The ICPP HLW calcine is a mixture of granular solids (with diameters
of 0.2 to 0.5 mm) and powdery fines with an average density of
1.4 g/cm3. The main chemical constituents (in wt%} of future HLW
calcines are projected to be CafF, (about 43%), oxides of Zr, Al, Ca, Na,
B {about 40%), nitrates, mainly as NaNO4 (about 10%), and Cd0 (about
%). Minor constituents include radioactive fission products (less than
1%) and chromium oxide {less than 1%). The amount of calcined waste at
the end of 1987 was about 3.0 x 165 m® which is projected to increase
to 2.65 x 10% m® by the end of 2034l.

2.3 CSSF Design

The nominal design of the seventh and future CSSF is illustrated in
Figures 1-2 and 1-3 and Table 1.1. Each CSSF is a cylindrical concrete
vault containing seven stainless steel bins. The vault is about 18 m in
diameter, extends 12.2 m into the ground and 20 m above, and is supported
by 1.3 m thick walls and a 2 m thick base anchored in basalt bedrock. The
seven bins within each vault extend 12.2 m below and 8.5 m above ground
and provide 1785 m® of storage capacity for the calcine.” The veult
volume to the inner ceiling is about 5500 m3; which leaves about
3700 m3 of void volume when the bin volume is subtracted.

The CSSF is designed for a service Tife of 500 years. The vault and
bin configuration provides double containment against water intrusion into
the caleine. If water were to penetrate and fill the vault, the stainless
steel bins have sufficient corrosion resistance to ensure their water-
tight integrity would be maintained for at least 500 years3. Data on
she internal corrosion rate of the stainless steel bins filled with cai-
cine predict a corrosion loss of 1.25 x 10°% cm internal wall thickness
over 500 years4; this would amount to 2 0.5 to 1.3% loss of wall thick-
ness. from the bottom to the top of the bin, respectively (i.e., the bin

thickness varicz from 2.5 to 0.95 cm, see Table 1.1}. Data for stainless
c+eel exprsed te varicos tap and river waters near major industrial areas
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Figure 1-3. Schematic and Dimensions of the Nominal CSSF
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Table 1.1

Vault and Bin Dimensions

Jtem Dimension
Bin
wall thickness 2.5 to 0.95% cm
outside diam. 4.1 m
annulus diam. 0.3 m
height 20.7 m
volume/bin 255 m-
number/vauit 7
total volume 1785 m3
Vault
wall thickness 1.3 m
floor thickness 2 m
inner ceiling 2 m
outer ceiling 0.76 m
inside diam. 16 m
outside diam. 18 m
height 27.73m
volume 5490 m
total height iZm

Comment

bottom to top; 304L S.S.

extend 12.2 m below ground
and 8.5 m above

available for calcine

reinforced concrete
placed on grouted basait
reinforced concrete
reinforced concrete

floor to first ceiling
floor to first ceiling
extend 12.2 m below ground




indicate corrosion rates are less than 2.5 x 1074 em/yr or 0.125 cm/500 yr.s

The external corrosion rates in the presence of water could be up to
10 times greater than the internal corrosion rate and 5 to 13% loss of
external wall thickness might occur from constant exposure over 500
years. Based on these corrosion rates, the bins would most likely
maintain their water-tight integrity beyond 1000 years even in the
constant presence of water in the vault; loss of integrity would most
likely be by pitting of the bin walls and gradual exposure of the calcine
beyond a 1000 year period. However, because of the lack of long-term
performance data on the vault structure and lack of external corrosion
data on the bins, no attempt was made to construct a model for degradation
of the CSSF integrity and rainwater infiltration vs time in this study.

3. SELECTION AND INVENTORIES OF COMPOUNDS FOR MODEL ING

Inorganic compounds of chromium, cadmium, and nitrates were selected
for non-radicactive solute transport studies. The Naticnal Primary
Drinking Water Regulations (40 CFR Part 141.11) lists maximum contaminant
levels for nine elements when present as inorganic compoundss. Of these
nine elements, only cadmium, chromium and nitrates are present in
significant Tevels in the HLW calcine. As indicated in Section 2.2, the
weight % of nitrates, Cd0, and Chromium oxides are about 10, 6 and less
than 1%, respectively. Actual weight % of these constituents may vary
within bin sets depending on types of fuels processed and blending of
different types of high-level liquid wastes during calcination. For
modeling purposes, 10, 6, and 1% for the nitrate, cadmium and chromium
ions, respectively, are assumed to represent upper bound levels for these

constituents.

The inventories of the nitraté, cadmium, and chromium ions are
estimated from the product of the calcine volume times the calcine density
times the weight % of each constituent. The solute transport modeling was
based on one CSSF and its 1785 m capacity was rounded to 2000 me .
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Basec un 2 density of 1400 kg’m3, the inventories of the nitrate,

cadmium, and chromium ions in one CSSF were estimated to be 2.8 x 108,

1.7 x 108, and 2.8 x 107 g, respectively. About 13 CSSF of 2000 m’
capacity eazh would be required to contain the projected amount of calcine
(2.65 x 104 m3) for the year 2034. Because smaller capacity designs

were used in construction of the first six CSSF, the actual number of CSSF
requirved to hold 2.65 x 104 m3 of calcine would be 18.




II. HYDROGECLOGIC PROPERTIES OF THE CSSF SUBSURFACE

1. GEOLOGY OF THE INEL

The INEL covers 2.3 x 103 km? of semiarid land on the Snake River
Plain in southeastern Idaho. The eastern Snake River Plain is a Targe
graben or downwarped structural basin 3.1 x 104 km? in area {see
relief map in Figure 2-1}. It hes been filled to its present level with
800 m of thin basaltic flows and interbedded sediments formed from allu-
vial, lacustrine, and loess deposits.

Nearly all of the plain is underlain by a vast groundwater reservoir
called the Snake River Plain aquifer which is depicted by water flow lines
in Figure 2-1. The basaltic volcanic rocks and interbedded sediments com-
posing the aquifer are all included in the Snake River Group of Quaternary
age. The basement rocks are probably composed of older volcanic and sedi-
mentary rocks in addition to any underlying crvstalline rocks. Basalt is
the principal aquifer medium. Water-bearing copenings in the basalt are
distributed throughout the rock system in tne form of intercrystalline and
intergranular pore spaces, fractures, cavities, interstitial voids, and
interflow zones. The variety and degree of interconnection of openings
complicate the direction of groundwater movement Tocally throughout the
aguifer.

The Snake River Plain aquifer is estimated to contain 1.2 x 1¢3 km

of water with a recharge of 8 km3 per year. Most of the recharge stems
fror rivers and streams feeding into the aquifer. The flow of the aquifer
is principally to the southwest at 1.5 to 8 m/d with transmissivities in
the range of 10% to 10° m3/d/m of aquifer width perpendicular to the

fiow gradient. The above information and more details on INEL geology can

be found in several U.S. Geological Survey reports.7'13
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2. GEOLOGIC CROSS SECTIONS UNDER THE CSSF

Figure 2-2 illustrates the location of wells located in the ICPP and
TRA used to develop the geologic cross sections of the vadose zone
illustrated in Figure 2-3 a, b, c, and d. The cross sections developed
include:

A to A’ Line of wells about 5 km long running north to
south from Fire Station #2 to well #20; geologic
cross section shown in Figure 2-3a.

B to B Line of wells about 5 km long running northwest to
southeast from well #19 to well #82; geologic
cross section shown in Figure 2-3b.

C toC’ Semicircular line of wells about 2.5 km long south
of the ICPP; geologic cross section shown in
Figure 2-3c.

Line Around ICPP Set of wells which enclose the ICPP and CSSF area
Figure 2-4; three-dimension fence diagram of
geologic cross section shown in Figure 2-5.

Well Tog data from a total of 34 wellsi4 15 were analyzed to pro-
duce the geologic cross section data. The data indicate that the aguifer
lies about 136 m below the ICPP and that the vadose zone is predominantly
basalt. In the vadose zone, the alluvial layer is about 12 m thick and
the first continuous interbed occurs about 30 m below the ICPP which is
about 12 m thick. Numerous interbed lenses occur down to the next
apparent continuous interbed at about 115 m which is about 4 m thick.
Most of the well log data in Figures 5-3a. through 5-3c. indicate interbed
sediments exist at the lower level. The fence diagram in Figure 2-5,
which maps the vadose zone in the immediate vicinity of the ICPP,
indicates lower interbed materials were found in all wells (i.e., contour
lines labeled 6 and 7).
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Further evidence of continuous interbed layers at about the 30 and
115 m depths in the vadose zone comes from observation of perched water
bodies on these layers since the early 1960'510. Figures 2-6 and 2-7
illustrate perched water bodies on the upper interbed for the Big Lost
River near the TRA and ICPP and for the waste pond area at TRA. TRA is
located about 2.4 km northwest of ICPP. Figure 2-7 illustrates a perched
water body which formed on a lower interbed due to an acute break in the
casing of the ICPP disposal well. The perched water bodies spread to
about 1200 m in width on the upper interbed and 900 m on the lower
interbed which indicates that these interbeds have low hydraulic
conductivity and probably are continuous layers within the vicinity of TRA
and ICPP. Where discontinuity may occur as indicated by lack of sediments
in figures 2-3a-c, in the lower interbed, the perched water body may
encounter sediment-filled fractures and vesicular zones of basalt which
have similar hydraulic conductivities to the sediments in the interbed.

The residence time of water in perched water bodies in the vadose
sone is short. Based on measurements made on tritium migration from the
TRA waste ponds to the aquifer, water is expected to move through the

vadose zone in 6-12 months.10

3. AQUIFER UNDER THE CSSF

As indicated in Chapter II, Section 2, the aquifer Ties about 136 m
under the surface of the CSSF area; Section 1 provides general
characteristics on the aguifer. Properties specific to the aquifer under
the CSSF area include:

(1) Depth available for dilution of radionuclides, based on measure-

ment of vertical dispersion of contaminants from the ICPP injec-

tion well, is about 91 mlo.

(2) Porosity of the aguifer basalt ranges Trom 5 to 15% with an

average of 10% used in this reportlo.
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(3)

(4)

(5)

(6)

(7)

Density of the aquifer basalt is about 2.7 g/cm3.

Measured flow velocity site-wide range from 1.5 to 8 m/d in the

southwest direction13.

Measured flow velocity based on
tritium discharges from the ICPP injection well {no longer
operational) to 3 km downgradient is about 3.7 m/dlz. ‘

et
Hydraulic conductivity is assumed to be 100 Darcy; 2 Darcy is
equal to a hydraulic conductivity of 9.1 x 1074 cm/s.

Longitudinal (a ) and transverse (a7) dispersivities are

a = 91 m and ay = 137 m based on best fits of digital
modeling of tritium and chloride from the injection wel113,
These dispersion coefficients are the same ones used for
modeling migration of radionuciides from the Radicactive Waste
Management Complex on the INEL.1O ?dem*“

The vertical dispersivity (ay) is assumed to be less than a
and ag but of the same order of magnitude; an estimate of 50 m

is used.

4. RAINFALL, RECHARGE AND % WATER SATURATION

Rainfall at the INEL is light and characteristic of a semiarid steppe
area. Based on 22 years of records, the average annual precipitation is
about 22 cm/yrz. The estimated rainwater recharge is 3.5% based on the
amount of tritium remaining in the INEL surficial layer in 1965 and the
amount of tritiur which should have precipitated from fallout for the

period 1951 through 196517. Recharge to the vadose zone occurs mainly

during the spring when combined snow melt and rain can cause temporary

saturation. Maximum precipitation occurs during May and June and minimum
precipitation occurs during July.
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For modeling purposes, an average rainfall of 25 cm/yr and a 5%
recharge was assumed which gave a recharge rate of 1.25 cm/yr. A second
scenario of 10 times this recharge rate (12.5 cm/yr) was also modeled.
The higher recharge rate was used as a bounding condition to any
conceivable increase in rainfall and recharge rates over the next 10,000
years.

The TRACR3D Code was used to calculate % water saturation at
equilibrium in the alluvium and interbeds based on assumed rainwater
recharge rates and hydraulic conductivities. The code indicated oniy 1-2%
greater moisture content for 12.5 cm/yr vs the 1.25 cm/yr recharge rate.
The predicted water contents are about 47% saturation in the alluvium and
57% saturation in the interbeds. Observed levels of moisture in the INEL
surficial layers average 29% of saturation with a standard deviation of
+ 16%18. Observed levels of moisture in the INEL interbeds average 65
(upper 60 m)} and 75% (below 60 m) of saturation with standard deviations
of about % 25%18 The calculated % saturation values are high for the
surficial layer and low for the interbed layers when compared to the
observed means, but are close to or within the standard deviation of the

J————

means.

5. HYDROGEQLOGIC PARAMETERS FOR MODELING

The hydrogeologic properties use for modeling in this study are
summarized in Table 2.1. The values in Table 2.1 are nominal values
only. Actual values vary depending on location and depth . A summary of
hydraulic properties compiled by L. C. Hull of EG&GIB, which was based
on published reportsll’lg’zo, indicates the following averages and
standard deviations for numerous samples taken at the INEL:

(1) Densities (g/cm3): Alluvial - 1.5+40.2
Upper Interbeds - 2.0 + 0.3
Lower Interbeds - 1.9 + 0.2
2-14
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Table 2.1

Hydrogeological Parameters Used for Modeling

Alluvial
Sediments

Bulk Density (g/cm?) 1.5
Porosity 0.43
Hydraulic Conductivity 0.20

(Darcys)? Sy
Accumulative Thickness (m) 12

Dispersion Coeffi&ient b 1.3
(emé/day)
Water Saturation (%) 47

Flowrate (m/d) .-

Dispersivity Coefficient (m)
Longitudinal (ap)
Transverse (ay)
Vertical {(ay)

Sedimentary
Interbeds
1.8
0.35

0.003
w1t

16
1.3

57

Vadose
Basalt

2.7
0.10

4 At standard conditjgns of one atmosphere pressure and 20.2°¢,

a Darcy = 9.1 x 1077 cm/s for wat

er.

b Assumed to be equal to typical values for jonic diffusion.

Aquifer

Basalt
2.7
0.10

100
258

91

100
3.7

91
137
50
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(2) Porosity: Alluvial - 0.44 + 0.09
) Upper Interbeds - 0.34 + 0.08
Lower Interbeds - 0.41 + 0.06
(3) Hydraulic sV,
Conductivity (Darcy): Alluvial - 0.22 (0.02-3.7)

t

(018 By
0.0075 (81000018-2.7)

Upper Interbeds
WIS 434,
0.0029 (0.600010-0.35)

Lower Interbeds

The mean and standard deviation for hydraulic conductivity is based on
a log normal distribution. This approach was taken because the data range
is spread over eight orders of magnitude whereas density and porosity data
range is within a factor of two. The hydrologic parameters for densities,
porosities, and conductivities used for modeling in Table 2.1 are identical
to or within the standard deviation of the values given above. The % water
saturation of the alluvium, interbeds and basalt were calculated by the
TRACR3D Code and as indicated in Chapter II, Section 4, are near or within
the standard deviation of the average observed moisture contents at INEL.

The dispersion coefficient for the solutes in the vadose zone was
assumed to be equivalent to the values typical for ionic diffusion of
strong electrolytes (i.e., 1.5 x 10'5 cmz/sec or 1.3 cmz/day)ZI.

Because of the slow vertical movement of water (i.e., a range of 0.1-0.7
cm/day for the 12.5 cm/yr recharge rate depending on porosity and % water
saturation), dispersion by mechanical mixing is assumed to be
insignificant. o - o
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I11. SOURCE TERM ASSUMPTIONS FOR MODELING

This chapter provides an assessment of soluble and insoluble species,
distribution coefficients, effects of groundwater composition and initial
concentrations assumed for modeling transport of chromium, cadmium and
nitrates from the calcine. No attempt to construct a model for
degradation of the CSSF integrity and rainwater infiltration vs time was
made. The beginning of the modeling period is defined as time zero and is
not predicated on a future time when rainwater infiltration into the CSSF
might begin. The National Primary Drinking Water Regu]ations6
based on beginning or ending or specified time periods. The regulations

are not

apply for all of time to any potential source of contamination.
Assumptions made to simplify input parameters to the TRACR3D Code include:

(1) Rainwater recharge is uniform at 1.25 cm/yr or 12.5 cm/yr for up
to 10,000 years (i.e., two scenarios).

(2) Rainwater infiltrating through the vadose zone has the same
jonic composition as the aquifer.

(3) At time zero, the % water saturation of the vadose zone and the
calcine in the vadose zone are at equilibrium with the rainwater
recharge rate.

(4) The vault concrete wall and the bin steel walls of the CSSF
offer no resistance to rainwater infiltration at time zero.

(5) The vadose and aquifer zones are considered oxic environments
due to the presence of adsorbed or dissolved oxygen.

1. GROUNDWATZR COMPOSITICN

At the INEL, rainwater would contain very low levels of ionic
constituents depending on washout of atmospheric contaminanis during

-1
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precipitation. Once the rainwater infiltrates into the vadose below the
CSSF, its jonic composition should rapidiy approach that of the aquifer;
the solubility of calcine constituents may be greater in pure rainwater,
for example, but the controlling factors for solubility at equilibrium
would ‘be dictated by the final ionic composition of the vadose zone water
and the distribution of the soiute adsorbed on the alluvium and dissolved

in solution.

The aquifer water is buffered at a pH of about 8.0 by the presence of
the bicarbonate jon (HCO37); the hydrolysis of calcite (CaCO3) and dolomite
(CaC05-MgCO3) minerals in the Snake River Plain cause the Ca*Z, Mg*Z,
and HCO3™ dons to predominate. The dissolved 0, in the aquifer is near
saturation and is assumed to create an oxic environment for solute
transport. The ionic composition and oxygen content based on a 1988
analysis of water from an ICPP production well is given in Table 3.1%2.

Table 3.1

Aquifer Composition under the ICPP Area

Chemical Species Concentration (mg/L)
Na*t 8.5
K* 2.1
ca*? 48
M2 18
ci° 12
$Cq72 24
125g7 206
0q 7.6
$i0, 25
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Extensive studies have been conducted on the NO3™ Tevels and
distribution in the aguifer. Throughout the INEL aquifer, the natural
levels of NO3~ range from 1-4 mg/Llo. Levels as high as 20 mg/L
(between 1952 and 1970) were observed within the eastern boundary of the
INEL near the town of Terreton which are attributed to downgradient solute
transport of nitrogeneous fertilizers applied to the land or irrigation
water. These levels can be compared to 44 mg/L which is the limit

specified in the National Primary Drinking Water Regu1ation55.

2. INITIAL SOLUTE AND ADSORBED CONCENTRATIONS

The initial solute concentrations for modeling are based on the
calcine inventory of the solutes, % water saturation in the surficial
layer at equilibrium with rainwater recharge, possible solubility
limitations, and the distribution of the solute between the water and
alluvium. As indicated in Chapter I, Section 3, the nominal capacity of a
single CSSF is assumed to be 2000 m® and the inventories of the nitrate,
cadmium, and chromium ions in one CSSF were estimated to be 2.8 x 108,

1.7 x 103, and 2.8 x 107 g, respectively.

For modeling purposes, the calcine is assumed uniformly mixed with
alluvium and contained in a surficial layer 20 m in diameter and 12 m
deep. The vault and bin wg]]s are assumed to be absent. This configura-
tiqp is meant to approximate a CSSF stabilized-in-place with filler
material packed around the bins, berm materials placed around and above
the vault, and no resistance to rainwater infiltration caused by the bin
and vault walls,

The alluvial source cylinder is assumed to occupy about 3800 m3,
contain about 1600 m> of void space (i.e., 43% porosity), and contain
760 m> of water (based on equilibrium water saturation of 47% of void
space from code calculations). The additional assumptions to calculate
initial concentrations are given below:
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2.1 N03' Solute

The complete inventory of nitrate ion is assumed to exist as the
highly soluble NaNO3. Laboratory studies at the ICPP on solubility of
various components in the calcine indicate that all of the nitrate
inventory will dissolve. Based on total dissolution, the initial solute
concentration of N0y~ would be 0.37 g/mL in the water contained by the
3800 m3 alluvial source cylinder. This concentration corresponds to
0.51 g/mL of nitrates as NaNO; and would not exceed its solubility limit
of 0.88 g/mL in distilled water?3, Field soil leaching studies indicate
“that the nitrate ion is not retarded in solute transport24. Therefore,
the distribution coefficient (K4) for the nitrate ion is assumed to be
zero and because the modeling study deals with transport below the root
zone, chemical or microbial reaction of the nitrate ion with the alluvium
and interbeds is assumed to be insignificant. The initial solute
concentration is assumed to be 0.37 g/mL.

2.2 cr*d solute

If the complete inventory of chromium existed as Cr0; and were
totally dissolved, the initial solute concentration of Crt® would be
0.037 g/mL in the water contained by the 3800 m3‘a11uv1a1 source
cylinder. This concentration corresponds to 0.071 g/mL of Cr03 and
would not exceed its sotubility limit of 0.62 g/mL in distilled
water?s. Laboratory studies at the ICPP on the solubility of various
components in the calcine indicate up to 62% of the chromium inventory
will dissolve at 259C in distilled water after 28 days and up to 100% _
will dissolve at 909C after 7 days. This indicates that essentially all
the chromium exists as the highly soluble Cr03 which is assumed to be
the case for this modeling study.

The Ky for the cr*d solute is assumed to be zero based on an
.extremely small K4 of 0.03-0.04 reported in soil column studies??,
The jonic composition of the vadose and aquifer water is not expected to
cause reduction of Cr*® to Tower oxidation states or the formation of
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insoluble Cr*® bicarbonates or hydroxides. Therefore, the initial
solute concentration is assumed to be 3.7 x 1072 g/mL and the adsorbed

concentration is assumed to be zero. No retardation of Crtf s expected

throughout the vadese and aquifer zones (i.e., it moves at the same
velocity as the water}.

2.3 Cd"'2 Solute

Leach-rate and dissolution tests on synthetic calcine made at ICPP
indicate that the cadmium inventory is highly insoluble and probably
exists as the oxide which hydrolyzes to the hydroxide in the presence of
water. The cadmium concentration arising from Cd(OH), as a function of
hydrogen ion concentration (or pH) can be calculated from the hydroxide
solubitity product (Ksp)23 and water jonization constant (Kw)26 of
2.5 x 10714 and 1.0 x 10“14, respectively. Based on the relationships:

Kep = 2.5 x 10714 = [cd*2][0H"]°

P

K, = 1.0 x 1071% = [H¥][OH"]
the equations can be rearranged to give:
[Cd*?] = 2.5 x 1014 [H*]?

In a geochemically buffered solution with a pH of 8.0, the equilibrium
level of [Cd*Z] would be = 2.5 x 1072 moles/L (2.8 x 103 g/mL) if

ne other equilibria were involved. This would be about two orders of
magnitude Tess in concentration than if the total inventory of cadmium
(1.7 x 108 a) were dissolved in the water contained by the 3800 m3
alluvial source cylinder.

. When the distribution coefficient is taken into consideration, the
aéﬁorption of the CC*Z on the alluvium and interbeds becomes more of a
1imiting factor than formation of the hydroxide on the maximum solute
concentration. Soil column studies using Hanford sandy loam and trace
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amounts of cadmium chloride and perchlorate solutions have indicated a

Kq ranging between 88 and 140 in high ionic strength solutions

(0.1 molar in the sodium sait of the an1on)27. "A previous literature
survey3 of Cd*? distribution coefficients to use for modeling studies

at ICPP assumed a Kq value of 100. Based on these two studies, a Ky

value of 100 is assumed in this document. The equilibrium distribution of
Cd*Z on the aliuvium and in the water of the 3800 ms alluvial source

cylinder is given by the equation:

TR ESE I S R2 |

B it el

(g Cd*2/mL HOR) (mL HOH) + (g Cd*2/g ALLU) (g ALLU) = g Cd INVT
where HOH = alluvial water, ALLU = alluvium, and INVT = inventory.

The ratio of adsorbed to dissolved cadmium is given by:

© oty I b e A T R i TR el A R

kg = 100 = (g Cd*2/g ALLU)/(g Cd*Z/mL HOH)

Substituting (g Cd*2/mL HOM) in the first equation by the term
[(9 Cd+2/g ALLU)/K4] derived from the second eguation yields:

t [(g Cd*2/g ALLU)/K4] (mL HOH) + (g Cd*Z/g ALLU) (g ALLU) = g Cd INVT

Setting mL HOH = 760 mL, g ALLU = 5.7 X 10° g (i.e., amount in 3800 m

at a density of 1.5 g/cm3), and g Cd INVT = 1.7 x 108 g, yields an

! adsorbed concentration of 0.03 g Cd*z/g ALLU. Since the amount in

¢ solution is the adsorbed concentration divided by 100, the initial solute
i concentration at equilibrium would be 3 X 104 g Cd*z/mL HOH.

This solute concentration is a factor of ten less than that predicted
by the solubility product for cadmium hydroxide. Therefore it is assumed
that any hydroxide formed would be redissolved at equilibrium and the
solute concentration of cd*2 would be dictated by its dist-ibution
coefficient. An initial adsorbed concentration of 0.03 ¢ vd+2/g ALLU
and a solute concentration of 3 X 1074 g Cd+2/mL HOH is assumed.




IV. MODELING SOLUTE TRANSPORT

1. SELECTION AND OESCRIPTION OF THE TRACR3D_CODE

Selection of a code to model solute transport is complicated by the
number and diversity of groundwater and contaminant transport codes that
have been developed. A compilation of codes by the Oak Ridge National
Laboratory28 indicated 59 groundwater transport codes had been developed
as of 1980. Many of the codes have 1imited application such as for
saturated media, one- or two-dimensional analysis, a specific site or type
solute. Most of the current emphasis in developing groundwater and
contaminant transport codes for HLW repositories has dealt with water-
saturated media. Transport in partially saturated fractured media is
considered one of the most difficult probiems in repository performance
assessment.29

The TRACR3D code was selected for this modeling study based on an
assessment by EGAG that it would be one of the best candidates for
application to long-term transport of radionuclides from the buried waste
at the INEL Radioactive Waste Management Comp]ex30. The Nevada Nuclear
Waste Storage Investigation Project {NNWSI) is conducting benchmarking
tests among five codes, one of which is TRACR3D, for application to the
proposed HLW repository at Yucca Mountain, Nevada31. Benchmarking
involves the comparison of numerical solutions generated by codes when
solving the same problem. . The codes being examined are:3!

TRACR3D: A three-dimensional, finite-difference, isothermal water-fiow
and contaminant-transport code developed at the Los Alamos
National Laboratory (LANL) by Bryan Travis. The code has been
modified extensively from its original form as an oil-shale
analysis code to aid in the analysis of radiocactive waste
disposal.
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SAGURO: A finite-element code developed at Sandia National Laboratory
(SNL) by Roger Eaton for the NNWSI Project to model water flow
in variably saturated, porous medium. It is used to construct
two-dimensional models of fiow pathways in Yucca Mountain.

FEMIRAN: A two-dimensional, finite-element isothermal radionuclide trans-
port code that requires a hydrologic field as input. It was
coupled with the SAGURO Code to provide this input.

TRUST: A three-dimensional, isothermal water-flow code developed at
Lawrence Berkeley Laboratory (LBL) by T. Narasimhan for applica-
tion to unsaturated porous media. It is being applied to the
NNWSI Project to determine water-flow mechanisms and to do
site-scale modeling. It is also being used at Pacific Northwest
Laboratory (PNL) to support DOE and NRC studies. )

TRUMP: Originally a three-dimensional, finite-difference solver for
heat transfer. It was modified by T. Narasimhan at LBL to model
advective-diffusive transport of radionuclides. It was coupled
with TRUST which provides the hydrologic field input.

As indicated above, the water;transport and radionuclide-transport codes
must be coupled. The coupied codes SAGURO plus FEMTRAN and TRUST plus
TRUMP are reduced to two complete codes.

TRACR3D is a stand-alone code that calculates both water flow and
mass transport of solutes. Solution is obtained by an implicit finite
difference scheme for flow and an optional explicit or implicit scheme for
transport. It operates in Cartesian or cylindrié¢al coordinates in one,
two, or three dimensions. Several transport mechanisms such as advection,
diffusion, dispersion, adsorption, radioactive decay and chaining are
included. An efficient matrix solver based on a preconditioned, incom-
plete factorization is used in conjuction with a modified Newton-Raphson
iteration for nonlinear flow and transport terms.
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A very important part of the selection process was the accessibility
of the code for loading on the INEL CRAY computer and the accessibility of
its author to assist in building input data files, running the code, and
making contour plots of the results. The TRACR3D code does not incor-
porate chemical-equilibria and reaction-path models. Leach rates,
solubilities, and distributions between the water and soil must be
provided as input parameters for the solute ‘source terms. The geochemical
codes EQ3/6, MINEQL, and CHEMTRN are being examined for possibie use or
coupling with TRACR3D to incorporate geochemistry models.32 Because
TRACR3D was developed at the LANL, it can be considered an in-house code
available for use at DOE facilities. A complete description of the code
can be found elsewhere.33

9. GEOMETRY, SCALE. AND COMPUTATIONAL MESHES FOR MODELING

The geometry and scale used for modeling solute transport from the
calcine to and through the aquifer is illustrated in Figure 4-1. The
small cylinder on the rectangular section of the aquifer represents the
section of the vadose zone {240 m diameter by 13€ m depth) within which
transport of the solute through the vadose zone was predicted to occur.
The black dot in the top center of the cylinder represents the alluvial
source cylinder (20 m diameter by 12 m depth) which contains the calcine.
Cylindrical coordinztes were used to model the vadose zone solute
transport.

The large rectangle section, 6000 m on a side and 91 m thick,
represents the volume of the aquifer within which transpert of the solute
was predicted to occur. The computational mesh size used for the aquifer
was 200 x 200 m and is shown in the upper left hand corner. Three-
dimensional Cartesian coordinates were used. The grigin of the transverse
and downgradient coordinates (0,0) Jies directly below the center of the
alluvial source cylinder and at this interface between the vadese and
aquifer zones, the highest concentration of solute enters the aguifer.
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Figure 4-1. Geometrical Configuration for Modeling Solute Transport
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The elliptical contour lines in the aquifer represent arbitrary solute
concentration contour lines. The zero transverse direction axis represent
the location of the highest solute concentrations in the aquifer vs down-
gradient distance from the source. The black pentagons at 0.5 and 5.0 km
downgradient positions represent the positions in which time history piot
of solute concentration vs time were done.

The computational mesh used for the vadose zone is shown in Figure
4-2. A radial distance of 120 m and vertical distance of 136 m was used.
Initially, a radial distance of 500 m was used but because of the limited
amount of radial solute transport predicted and the longer computer time
required, the radial distance was reduced to 120 m. The vadose zone is
divided into 408 cells each 4 by 10 m. The alluvial source cylinder
containing calcine is contained in three cells jndicated by column 1 and
rows 34-32. The surficial alluvium is contained in the first three rows,
the clayey silt interbeds in rows 29-23 and row 5, and the basalt in the
remaining rows.

The origin of the computational mesh (0,0) corresponds to the smail
dot in the top center of the vadose zone cylinder shown in Figure 4-1.
.Rotation of the computational mesh given in Figure 4-2 about the vertical
axis at the origin of the radial axis would produce a cylindrical
computational mesh within the vadose zone cylinder shown in Figure 4-1.
Solute concentrations calculated for a cell at a given subsurface cepth
and radial distance zre the same throughout a 360° rotation about the
center vertical axis of the vadose zone cylinder.

The surface of the computational mesh used for the aquifer is shown
in Figure 4-3. Only half of the mesh is shown which is symmetrical in the
transverse direction {i.e., 0 to -3000 m in the y direction). Use of half
of a symmetrical mesh provides more detail in the contour plots and avoids
calculation of and print out of redundant numbers. Also not shown are iwo
layers, each 45.5 m thick. from the top to the bottom of the aguifer
{i.e., the vertical direction). Initially TRACER3D code ceiculations were
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done using more layers, but the vertical concentration gradient was
insignificant. Therefore, to reduce computational time and amount of data
generated, only two layers were used as a check for possible vertical
concentration gradients vs variation of the input parameters.

The computational mesh is square shaped with 6000 m in the transverse
and downgradient directions. It includes 1000 m upgradient directicn
(i.e., -1000 m) for calculating upgradient dispersion of the solute
against the aquifer flow. The mesh is divided into 200 x 200 m cells for
a total of 450 cells in one 45.5 m layer or a total of 900 cells used for
calculation in the two aquifer layers.

The black square at cell i,j = 6,1 represents the source cell for
contaminants from the vadose zone entering the aquifer. This cell should
have an area comparable to the circular area which contains the solute
transported through the vadose zone. Data generated from the vadose zone
TRACR3D code calculations is stored for later use as the source term for
the aquifer calculations. In effect, the code is run twice in an

uncoupled mode. —S\ }
sCRL \W z (:Av LA 1A \\u\“«\ o
A5 ¥e | d‘)
m\u ‘u“ <,Au4n\l\_ ()‘.-\\ . g\}’y\\
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V. TRACR3D CODE RESULTS

Because modeling and code results are subject to change as the
assumptions for near-surface disposal are better defined, codes become
more sophisticated, and hydrogeological paramelers and geochemical
reactions become better known, the results of this study are considered
preliminary in nature. The intent was to assimilate the best available
input data for the ICPP area and employ a state-of-the-art code to provide
guidance for future studies and identify areas where more laboratory and
field data are needed. Although the accuracy of the code predictions
presented in this document cannot be verified without field testing, the
trends and comparisons among the solutes and rainwater recharge scenarios
modeled are considered valid.

The contour plots given below are based on the computational meshes
i1lustrated in Figures 4-2 and 4-3. The solute source at time zero is
Jocated in the upper left corner of the vadose zone plots in an area
enclosed by -12 m subsurface depth by 10 m radial distance. The vadose
zone-aguifer interface occurs at -136 m subsurface depth. The 0,0
coordinate of the vadose zone piots given below corresponcs to the
position of the small alluvial cylinder on the aguifer illustrated in
Figure 4-1. Oniy the upper half of the symmetrical aquifer contour lines
i1lustrated in Figure 4-1 are shown in the vadose zone piots below.

1. NO,~ SOLUTE

1.1 1.25 cm/vr Rainwater Recharae

Figures 5-1 through 5-3 illustrate the contour lines of the NO3~
concentration (log g/mL) over a 50 to 4000 y- period. As indicated in
Chaczer III, Section 2.1, the initial NO3' concentration was
" 0.37 g/mL. A Ky of zero was assumed for all vadecse and aguifer media.

The plots in Figure 5-1a indicate that the solute at the 10711 g/mlL

Jevel reaches the aquifer zfter acout 300 years. Between 50 anc 600 years
a concentrated plug of solute moves down the vertical axis but is diluted
by about a fzctor of ten by the time it reaches the acuifer zt -13€ m.
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Throughout the 50-4000 year period illustrated, a dilute solute front
propagates in the radial distance out to about 100 m by 1000 years and
then begins to withdraw. Simultaneously, concentrations of NO;~
represented by the contour lines are passing into the aquifer. They
progressively increase in concentration between 300-800 years and maintain
a steady source depicted by the 10‘2‘contour line 600-1000 years. The
numerical data generated by the code indicates the most concentrated
N0y~ level to enter the aquifer is 0.045 g/mL at about 900 years.

This indicates a dilution factor of about 8.2 is provide by the vadose
zone. After 1000 years, the concentration begins to decrease until only
very dilute lines are left by 4000 years. The 2000-400C year plots show
the NO;~ solute being flushed from the top of the subsurface.

The wrap around of all the contour lines which reach the aguifer
interface into one point (i.e., coordinates 0, -136 [radial, subsurface])
is an artifact of the plotting routine. For example, the contour lines in
the 600 year plot do not actually wrap around but the 10711 1ine enters
at the 80 m radial distance, the 10°2 Jine enters at the 65 m radial
distance, etc.

Figures 5-2a and 5-2b iilustrate the contour lines of NO3™ in the
aguifer over a 300 to 4000 year period. The plots show that the
concentration bands passing through the 5000 m downgradient points
increase from 10716 to 1079 g/mL over a 300 to 1000 year period-and
then begin to decrease. A 108 g/mL band forms between 700 and 1000
years but never extends beyond 3000 m downgradient. The plots show only
two concentration bands which wrap around and the others going off-scale
along the upper horizontal boundary of the plot. A larger transverse
direction and downgradient distance for modeling would be required to see
the complete profile of several contour lines in each plot. Another
feature of the plotting routine is the dark vertical bands formed at the
ends of some of the plots. Eleven contour lines ranging from 10718 +o
10-8 g/mL were used for plotting, some of which ended up being
compressed into the dark bands because they are off-scale.
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Figure 5-3 illustrates the NO3™ concentrations vs time for two
points directly downgradient of the vadose zone-aquifer interface where
the most concentrated solute source enters. The solute concentration
maximizes at about 900 years after the beginning of the modeling period
with concentrations of 2.2 x 1078 and 4.0 x 1079 g/mL for the 0.5 and
5.0 downgradient positions, respectively.

From the original vadose zone source concentration (0.37 g/mL) to the
5.0 km downgradient aquifer concentration, the overall dilution factor is
9.3 x 107, The dilution factor between 0.5 km and 5.0 km downgradient
positions is 5.5.

1.2 12.5 cm/yr Rainwater Recharge

Figures 5-4 through 5-6 illustrate the solute transport of NO5~
for ten times the rainwater recharge as in Figures 5-1 through 5-3. The
vadose zone and aquifer piots all have the same shape and behavior as
those for the 1.25 cm/yr rainwater recharge scenario but the solute moves
through much faster. The solute is essentially flushed out of the vadose
zone by 700 years compared to greater than 4000 years for the smaller
rainwater recharge scenario.

‘As indicated in Figure 5-6, the maximum solute concentrations in the

- aquifer occur between 200 and 250 years after release with levels of

8.4 x 1078 and 1.5 x 1078 g/mL at 0.5 and 5.0 km downgradient, respec-
tively. The dilution factor between the two downgradient positions is 5.6
which is the same observed with the 1.25 cm/yr rainwater recharge
scenario. The 12.5 ¢m/yr rainwater recharge rate results in the solute
concentration maxima occurring about 4 times earlier, increases the
maximum aquifer concentrations by a factor of about 3.8, and produces a
much sharper solute band shape relative to the 1.25 cm/yr recharge rate.
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Figure 5-5a. N0y~ Solute Transport (leg conc. in g/mL) in the Aquifer
100-250 Years for 12.5 cm/yr Rainwater Recharge
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2. cr*b soLuTE

As indicated in Chapter III, Section 2.2, the initial Cr*6
concentration modeled was 0.037 g/mL. This is a factor of ten smaller
than the initial N0y~ concentration. For both the NO3~ and Cr*®
solute, no adsorption by the alluvium or interbeds in the vadose or
aquifer zones was assumea. Therefore, the contour plots produced for the
Cr*® solute are identical to those for the NO;~ solute except that
the concentration profiles are a factor of ten less at any given time
period for either rainwater rechargg scenario. To avoid repetition, only
the time history plots of Cr*® concentration vs time at 0.5 and 5.0 km
downgradient in the aquifer are given below.

2.1 1.25 cm/vr Rainwater Recharge

Figure 5-7 illustrates that the maximum concentrations of Cr*6
would be 2.2 x 10°9 and 4.0 x 10-10 g/mL at about 900 years 0.5 and
5.0 km downgradient in the aquifer for the 1.25 cm/yr rainwater recharge.
The shape of the time history curves are identical to those in Figure 5.3
for the NO3™ solute except all points on the curves for the 5.0 or
0.5 km positions are a factor of ten less for the Cr'® solute.

2.2 12.5 em/vr Rainwater Recharae

Figure 5-8 illustrates that the maximum concentrations of Cr*® are
predicted to be 9.2 x 10”9 and 1.6 x 10" g/mL at about 200 years 0.5
and 5.0 km downgradient in the aquifer for the 12.5 cm/yr rainwatef
recharge. The maxima can be compared to maxima of 8.4 x 1078 and
1.5 x 1078 g/mL for the NO;~ solute in Figure 5-6. The Cr*S maxima
are not quite a factor of ten less as would be expected. This may be due
to a lack of datz points calculated in a region of the time history curve
which ‘s changing rapidly. If 10- instead of 50-year intervals were used
for computation near the maxima, this discrepancy should disappear.
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3. Cd*? SOLUTE

As indicated in Chapter 1II, Section 2.3, the initial solute
concentration of Cd*2 was assumed to be 3 x 1074 g/mbL. But unlike the
NO;~ and cr*d solute, for which Kq was assumed to be zero, a Ky
of 100 was assumed for cd*2 in the vadose zone alluvial and interbed
layers. This results in the adsorbed concentration beinc 100 times
greater (i.e., 0.03 g Cd+2/g alluvium) than that in solution. Because
there is approximately ten times more soil than water per unit volume in
the scenarios modeled, the actual equi]ibriuh distribution of Cd*? is
about 0.1% in solution and 99.9% adsorbed. These assumptions dramatically
alter the appearance of the vadose contour lines for Cdt2 and the amount
of the solute which finally reaches the aquifer.

3.1 1.25 cm/yr Rainwater Recharge

Figures 5-9a and 5-9b iliustrate the Cd*? solute and adsorbed
distribution in the vadose zone between 200 and 10,000 years. The solute
contour lines are spaced by a factor of 10 whereas the adsorbed contour
Tines are spaced by a factor of 100 apart to make them legible. The
solute contour lines show distinctive bulging and retraction at the top
and bottom of the interbeds, respectively. Only a very small portion of
the solute is transported over the 10,000 year period modeled. At 10,000
years, the 10'4 g/mL solute contour line is still present in the
alluvial Jayer while the most concentrated contour line reaching the
aquifer is 10710 g/mL.

In Figure 5-9b, contour lines for the adsorbed species occur within
the first 200 years and grow radially over the 10,000 year period. Very
Tittle of the l'.‘ci*’2 is transferred to the lower interbed (a* -116 to
-120 m) which has a 1010 g/¢ conto.= line and can be compared to a
1074 g/qg line in the higher interbed and a 10-2 g/g line in the
alluvium. The numerical printout of the contour data incicated that after
10,000 years, 95.9 and 2.7% of the originai cd? inventory resided in
the alluvial layer and first interbed, respectively.
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Figures 5-10a and 5-10c illustrate the contour lines of cd*? in the
aquifer over a 500 to 10,000 year period. As with N03' and Cr*s, a
Kq of zero was assumed for cd*? in the aquifer basalt. Therefore, the
contour lines have the same shape and propagation patterns as the previous
solutes. However, whereas an overall dilution factor of about 10% was
observed frorm the alluvial source to 5.0 km downgradient in the aquifer
" for NO;” and Cr*? in the 1.25 cm/yr rainwater recharge scenavio, an
overall dilution factor of about 101% is observed for Cd*2. The much
greater dilution factor is due to the hold up of €d*2 in the vadose zone
causing it to act like a constant source of solute to the aquifer rather
than a pulse source.

Figure 5-11 indicates that between 3000 and 10,000 years the solute
concentrations in the aquifer remain within a factor of 10 of their
maxima. The maximum concentrations are 2.1 x 10717 and 3.9 x 10°18 g/mb
at about 7000 years. A mass balance check on the numerical printout of
the plots indicates that Jess than 1.4% of the original Cd*2 inventory
passes into the aquifer over the 10,000 year period modeled.

3.2 12.5 cm/vr Rainwater Recharge

Figures 5-12a and 5-12b illustrate the effect of ten times more
rainwater recharge on the solute transport of cdte. By 10,000 years,
the most concentrated contour line reaching the aquifer is 107 g/mL or
three orders of magnitude greater than for the 1.25 cm/yr rainwater
recharge scenario. The profile of the vadose contour lines for both
recharge scenarios are about the same at 2000 and 10,000 years except the
larger recharge results in two or three additional contour lines extending
deeper into the vadose zone.

Figure 5-12b indicates a greafer amount of Cd*? is transported from

the alluviza® Tayer to the first and second interbeds than in Figure 5-9b
for the 1.25 cm/yr rainwater recharge scenario. However, the additional
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transport is not large. An analysis of the numerical printout data
indicates that at 10,000 years 82.1, 13.6, and 0.03% of the original
cd*? inventory is still contained in the alluvium, the first interbed,
and the second interbed, respectively. About 4.3% of the Cd*2 reaches
the aquifer which can be compared to 1.4% for the smaller recharge
scenario. )

A comparison of Figures 5-13b and 5-10b show that at least three
orders of magnitude larger concentrations show up in the aguifer contour
plots for the 12.5 cm/yr rainwater recharge scenario. In Figure 5-13b,
the maximum contour Tine is 10714 while in Figure 5-10b the maximum line
is 10°Y7. A comparison of the time history plots for the two recharge
scenarios (i.e., Figures 5-11 and 5-14) show the same broad plateau for
both scenarios. However the larger rainwater recharge rate produces
maxima which are about 3000 times greater than the smaller recharge rate
(c.f., 1.1 x 10714 in Figure 5-14 to 3.9 X 10-18 g/mL in Figure
5-11).
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V1. COMPARISON OF CODE RESULTS TO DRINKING WATER STANDARDS

The maximum contaminant levels allowed in public water systems for
nitrate {as N), chromium, and cadmium are 10, 0.05, and 0.01 mg/L as
stipulated by the National Primary Drinking Water Regu1ationse.
the nitrogen is only 14/62 parts of the nitrate ion, the drinking water
standard would allow 44 mg/L of nitrate {i.e., 10 x [62/14])}. To compare
these 1imits to the TRACR3D code resuits (which are in units of g/mL) the
above 1imits are multiplied by 1076 to give 4.4 x 10'5, 5 x 10'5,

and 1 x 1078 g/mL, for nitrate, chromium, and cadmium, respectively.

Since

The two positions modeled for comparison to the standards were 0.5
and 5.0 km directly downgradient in the aguifer (see Figure 4.1). Both
postions represent locations where peak concentrations of the solutes
would occur. The 5.0 km position was chosen for modeling because it is
defined as the maximum distance allowed in 40 CFR 191 from waste
emp’acement to the boundary of a high-level waste repository.34 At the
boundary, the public would have access to well water. The 0.5 km position
was modeled to examine the di1utioﬁ capacity of the aquifer due to
vertical and transverse mixing over a 10-fold downgradient distance near
the point of solute entry into the aquifer.

Table 6.1 compares the drinking water standards to the peak
concentrations of the solutes in the source-term alluvial cylinder, the
vadose zone-aguifer interface directly below the cylinder, and the 0.5 and
5.0 km downgradient aquifer positions. The results indicate that Cdt2
solute concentrations at 5 km downgradient in the aquifer would be a
factor of about 109 and 106 below the drinking water standards for the
smailer and larger ré&.nwater recharge rates, respectiie1y.~ Based on the
hydrogeological parameters used in this model, the solute transport for
any element from the ICPP calcine with 2 K4 of 100 or greater would not
be significant when compared to drinking water standards.
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Table 6.1

Comparison of Model Results? Drinking Water Standards

1.25 cm/yr RAINWATER RECHARGE

Initial vadose source term
Vadose-aquifer interface
Aquifer 0.5 km downgradient
Aquifer 5.0 km downgradient
Drinking Water Limits

Aguifer at 0.5 km downgradient
Aquifer at 5.0 km downgradient

12.5 cm/yr RAINWATER RECHARGE

Initial vadose source term
Vadose-aquifer interface
Aquifer 0.5 km downgradient
Aquifer 5.0 km downgradient
Drinking Water Limits

Aquifer at 0.5 km downgradient
Aquifer at 5.0 km downgradient

Peak Solute Concentrations (g/mt)}

NO3~ crt6 Cd+e
3.7 x 1071 3.7 x 1072 3.0 x 1074
4.5 x 1072 4.5 x 1073 g.2 x 10°11
2.2 x 1078 2.2 x 1079 2.1 x 10717
4.0 x 10°° 4.0 x 10710 3.9 10718
4.4 x 1075 5.0 x 1078 1.0 x 1078

Factor Below Drinking Water Limits

NOg~ Cr+é cd+2
2.0 x 103 2.3 x 101 4.8 x 108
1.1 x 104 1.3 x 102 2.6 x 109

Peak Solute Concentrations {g/mi)

Ny~ ert® cd*?
3.7 x 107} 3.7 x 1072 3.0 x 1074
7.2 x 1072 7.2 x 1073 1.1 x 1077
8.4 x 1078 .2 x 1079 5.8 x 10714
1.5 x 1078 1.6 x 1079 1.1 x 10714
4.4 x 1070 5.0 x 1078 1.0 x 1078

Factor Below Drinking Water Limits

NO3~ Crt6 cd*?
5.2 x 102 5.4 1.7 x 103
2.9 x 1¢3 3.1 x 10!

9.1 x 10°

3 Based on one 2000 m3 capacity CSSF
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The peak N0y~ levels predicted are about a factor of 104 and
103 below the drinking water standards at 5.0 km downgradient in the
aquifer. These results indicate that based on the hydrogeological
parameters assumed, the NO3~ levels would rat exceed the drinking
water standards even for a cluster of CSSF containing 13 times the amount
of solute inventory modeled from which a superposition of the contaminant
plumes might conceivably increase the peak levels by a factor of ten.

0f the three solutes modeled, Cr*® is the only one which
potentially could approach drinking water standards in the aquifer based
on the assumed parameters. The peak Crtf levels predicted are a factor
130 and 31 below drinking water standards 5.0 km downgradient in the
aquifer for 1.25 and 12.5 cm/yr rainwater recharge rates, respectively.
If a cluster of CSSF were modeled with a configuration that would cause
superposition of the contaminant plumes to increase solute concentrations
by a factor of 10 (i.e., line them up parallel to the aquifer flow
direction), the predicted factors would decrease to 13 and 0.31,
respectively.
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VII. CONCLUSIONS AND RECOMMENDATIONS

Of the three solutes modeled, cr*d is the only one for which
further sensitivity studies are recommended. Variation of assumed
hydrogeolgical parameters (e.g., interbed thickness, porosity, % water
saturation, hydraulic conductivity, etc.) within conceivable bounding
Timits would not result in predicted values of NO3~ or cd+?
concentrations that would approach drinking water standards in the
aquifer. The sensitivity of rainwater recharge was examined in this study
and found not to be crucial for the latter solutes. The transport of
Cd*? is extremely sensitive to Kq» but a Kq of about zero would be
required (as is the case with Cr*s) for predicted values of cd*e to
approach drinking water standards. This would not be a realistic bounding
parameter.

*+6 could approach

Depending on assumptions, predicted levels of Cr
drinking water standards for a cluster of CSSF containing 13 times the
amount of solute modeled. For a given inventory and rainwater recharge
rate, the most sensitive parameter.for a highly soluble and non-adsorbing
solute would be its release rate. Since an instantaneous release scenario
was used for this study, further modeling should incorporate realistic
release rates based on assumed rainwater infiltration rates to the calcine
which start slowly and increase with time. Based on corrosion data given
in Chapter 1, Section 2.3, the time for rainwater infiltration (i.e.,
recharge) to the caicine to equal that in the surrounding alluvium might
take several hundred years once the integrity of the bin wall was breached
by a pinhole leak. Therefore, more realistic release rate scenarios
(i.e., other than instantaneous) should be modeled to determine their
effect on predicted crt tevels compared to fhe‘drinkjng water

standards.
A second recommendation is to use a geochemical code to check for

speciation or solubility limitations specific to the INEL groundwater.
Further geochemical evaluation would probably have little impact on the
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conclusions of this particular study as neither the -NO3™ or cr*b

solute should have a tendency to form other species in the oxic
environment of the INEL ground waters. And even if a geochemical cod:
were to predict higher solubilities and a smaller Ky for cd*?, it

sti11 would not be expected to reach levels of concern in the aquifer.
However, for future modeling .studies involving elements that could form
solubility Timited carbonates, bicarbonates or hydroxides or undergo
speciation (e.g., Sr, Cs, Pu, and Am), a geochemical code could predict
which species and concentrations to model.
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